This paper proposes a new optimization framework for the transit signal priority strategies in terms of green extension, red truncation, and phase insertion at the stop-to-stop segment of bus lines. The optimization objective is to minimize both passenger delay and the deviation from bus schedule simultaneously. The objective functions are defined with respect to the segment between bus stops, which can include the adjacent signalized intersections and downstream bus stops. The transit priority signal timing is optimized by using a biobjective optimization framework considering both the total delay at a segment and the delay deviation from the arrival schedules at bus stops. The proposed framework is evaluated using a VISSIM model calibrated with field traffic volume and traffic signal data of Caochangmen Boulevard in Nanjing, China. The optimized TSP-based phasing plans result in the reduced delay and improved reliability, compared with the non-TSP scenario under the different traffic flow conditions in the morning peak hour. The evaluation results indicate the promising performance of the proposed optimization framework in reducing the passenger delay and improving the bus schedule adherence for the urban transit system.
Introduction
Traffic congestion has been a challenging problem in urban areas. Public transportation, with high passenger capacity per vehicle, has long been considered an effective solution for congestion mitigation. However, on urban arterials, the performance of public transportation such as bus transit is largely affected by the signal timing at intersections and the interaction between transit and other general vehicles. The transit signal priority (TSP) control has been found to be a promising and cost-effective solution to improve the efficiency and level of service. Smith was among the first to conduct bus preemption experiments to reduce transit travel time [1] . Since then, many studies have proposed different TSP scenarios and reported benefits in the field.
In existing studies, intersection-based state variables are used in transit signal priority control with isolated intersections [2, 3] , coordinated intersections within an arterial corridor [4, 5] , and arterial networks [6, 7] . Recently, TSP optimization strategies considering bus stop based performance metrics are paid more and more attentions. Ma et al. presented a coordinated transit priority control optimization model to provide effective priority control for transit while minimizing the adverse impact on general traffic movements among coordinated intersections between two successive bus stops [8] . Feng analyzed the joint effects of different kinds of factors and improvement strategies on bus traveling reliability at the stop-to-stop segment level using the data along an urban arterial corridor in Portland, Oregon, USA [9] . Traffic delay is chosen as an important variable in objective functions for TSP optimization. Such delay terms include transit vehicle delay [10] , general vehicle delay [11] , and passenger average delay [12] . A number of studies also utilized transit reliability as the other key evaluation parameter for TSP optimization. Existing studies use transit reliability indexes used in TSP optimization including traveling punctuality (transit schedule adherence) [13] and regularity (headway maintenance) [14] . Furthermore, the impacts of traffic flow characteristics [15], geometry configurations [16, 17] , and lane-changing behaviors [18] have also been used in the objective function in TSP optimization. The methodologies for solving TSP optimization models include simulation-based methods [19] , genetic algorithms [6, 20] , artificial neural network [20] , heuristic algorithms [21] , and multiobjective optimization [22] . The performance of different TSP strategies is analyzed and evaluated [4, [23] [24] [25] . The analyzing unit in existing studies is primarily the stop-to-stop segment consisting of segment and intersection between two bus stops. Such analyzing scheme may ignore the interaction between bus stops and nearby upstream and downstream intersections [7] . Moreover, to evaluate the performance of transit systems, the excessive delay and poor schedule adherence should also be integrated into the objective functions.
The proposed TSP optimization model in this paper is a biobjective model considering both the traffic delay and transit service reliability. A VISSIM-based simulation platform is established for analyzing and evaluating the performance of three optimized TSP scenarios including the green extension, red truncation, and phase insertion. The simulation is calibrated by field traffic flow, signal, and transit schedule data on Caochangmen Boulevard in Nanjing, China.
The paper is organized as follows. In Section 2, the biobjective optimization framework is proposed including the analyzing unit, the formulation of objective functions, and the applied TSP scenarios. Section 3 is the field-data based analysis and evaluation of the proposed optimization framework and strategies. The three optimal TSP plans are generated, and the performance of them is analyzed and simulated by use of VISSIM-based simulation platform. Conclusions and recommendations are made in the last section.
Methodology
The proposed biobjective optimization framework is formulated with respect to the stop-to-stop segment as depicted in Figure 1 . Such segment includes the road segment between two consecutive bus stops and the adjacent signalized intersections in between.
Such choice of the basic analyzing unit allows the simultaneous monitoring of both intersection-based and segmentbased performance metrics. Two performance metrics are introduced into the objective function of the optimization model, passenger delay, and transit schedule adherence. Passenger delay is a more suitable delay metric than vehicle delay since it takes into account the occupancy difference between auto and transit mode. The total passenger delay in the stop-to-stop segment including passenger delay at intersection and bus stop is considered for TSP optimization. Transit schedule adherence defined as arriving early or late from the scheduled stop arrival time is used as an indicator for the deterioration of system reliability. Three different TSP signal phasing plans are considered including the green extension, red truncation, and phase insertion.
Biobjective Optimization Model.
The proposed biobjective optimization framework is described in (1) . Both total passenger delay ( ) of the stop-to-stop segment and delay deviation (Δ ) of the bus service stop are in the objective functions for TSP optimization:
s.t. max ≤ 0.9 ∈ , ∈ , ∈ .
(1) ( , ) denotes the total passenger delay at the intersections on each stop-to-stop segment given the assigned green times ( ) and signal phasing plans ( ). In this paper, the duration of TSP green times and signal phasing plans are optimized with fixed cycle lengths. is the set of all intersections on the stop-to-stop segment. is the set of all transit routes on the segment. is the set of all buses on one transit route.
and̂are the actual and scheduled passenger delays for bus of route at bus service stop. and are the green time ratio and degree of saturation of general vehicles, respectively, for phase of cycle at intersection .
Passenger Delay at
Intersection. The total passenger delay at intersections on the stop-to-stop segment consists of the general vehicle delay, transit vehicle delay, pedestrian delay, and bicycle delay.
(1) General Vehicle Delay. Based on the Webster's delay formula, the average delay for general vehicles in phase of cycle at one signalized intersection is illustrated in
where is the cycle length and , , , and are the average delay, arrival rate, green time ratio, and degree of saturation of general vehicles for phase of cycle at one intersection, respectively.
The formula for the total general vehicle delay at one intersection is addressed as the following: where denotes the set of all cycles at one intersection during time , denotes the set of all phases of a cycle at one intersection, and is the average passenger occupancy of general vehicle for phase of cycle at one intersection.
(2) Transit Vehicle Delay. The average delay of transit vehicles in cycle at one signalized intersection can be formulated as follows:
where , , , and are the average delay, arrival rate, green time ratio, and degree of saturation of transit vehicles in cycle at one intersection, respectively. The passenger delay of transit vehicles at one intersection can be calculated as the following:
where denotes the average passenger occupancy of buses in cycle at one intersection.
(3) Pedestrian Delay. Figure 2 illustrates the cycle-by-cycle accumulative flow patterns of pedestrians passing through one approach of the signalized intersection. The arrival and the average departure rate of pedestrians within each signal cycle are denoted by ( ) and ( ), respectively. Shaded areas ( EB ) bounded by the arrival rate curve, departure rate curve, and the time axis are the total pedestrian delay on the eastbound approach of signalized intersection in cycle . The passenger delay formula can then be described as follows:
where and denote, respectively, the green time and the clearance time for pedestrian to walk through the intersection. The pedestrian clearance time in each cycle can be generated based on
Time Cumulative number of passengers The total pedestrian delay at a signalized intersection per cycle is calculated as below:
where SB , NB , and WB are the pedestrian delay on the southbound, northbound, and westbound approach of a signalized intersection in cycle , respectively.
(4) Bicycle Delay. For most signalized intersections, bicycles usually utilize pedestrian green time to pass the intersection due to the lack of dedicated signal phase for bicycles. Therefore, the bicycle delay on the approach of signalized intersection in cycle (revealed in (9)) can be calculated based on the same model. The total delay of bicycles ( ) at a signalized intersection within each cycle can be calculated using (10):
where SB , NB , EB , and WB are the bicycle delays on SB, NB, EB, and WB approaches of a signalized intersection, respectively. The arrival rate and departure rate of bicycles at an intersection in cycle are indicated by ( ) and ( ), respectively. Figure 3 illustrates the waiting delay patterns of passengers at bus stop bay with each bus arrival. The arrival and boarding rate of passengers bus of route at bus stop are ℎ ( ) and ( ), respectively. The cross-point of ℎ ( ) and ( ) demonstrates the rate of passenger boarding the bus on route . denotes the headway between bus and ( − 1) on route . The dwelling time of bus at the bus stop on route ( ) can be calculated as below:
Passenger Delay at Bus Stop.
The shaded area ( ) surrounded by ℎ ( ) and ( ) curves and the time axis is the passenger delay for bus of route at bus stops. The passenger delay for each arriving transit vehicle at bus stops can be formulated in the following equation which includes the waiting time delay including the passenger waiting time of all buses which are served at stop bay: Figure 4 illustrates a sample four-phase ring diagram with three transit signal priority strategies including the green extension, red truncation, and phase insertion. Phase 1 includes a through and right movement for vehicles and a through movement for pedestrians on the major street. Phase 2 includes a left-turn movement for the main street. Phase 3 consists of a through and right movement for vehicles and a through movement for pedestrians on the minor street. Finally, Phase 4 has one leftturn phase on the minor street. The bus movements follow the through movement in the major direction. The original phase plan without TSP is Plan 1. Plan 2 is the TSP-based phase plan with green phase extension where ge is the duration of green time extension for bus priority. Plan 3 is the TSP phase plan of the red phase truncation, where rt is the duration of the red time truncation. Plan 4 is the TSP plan with phase insertion where Phase 1 green time is split into Δ pi and 1 pi . In this study, we assume that the cycle length is constant, and the phase plan is predetermined and fixed. Signal phasing plans with three TSP strategies including the green extension, red truncation, and phase insertion are selected based on their priority rules. The green time duration of the three TSP scenarios for transit vehicles is calculated by the following equations: where is the green time extension and is the red time truncation. is the lost time in each cycle of the original phasing plan without TSP control. , ge , rt , and pi are the green times of the original phasing plan without TSP control, the TSP plan with the green extension, the TPS plan with the red truncation, and the TSP plan with the phase insertion in phase , respectively. Δ pi is the yellow time of phase insertion TSP plan for the insertion phase.
Signal Phase Allocation Method.
ge = { { { { { + ge = (1 − ge − − ) ̸ = , rt = { { { { { rt + (1 − rt − ) = + 1 (1 − rt − ) ̸ = + 1, pi = (1 − Δ pi + Δ pi − ) ,(13)
Genetic Algorithm Solution.
Genetic algorithms (GAs) are the heuristic optimization methods based on the mechanisms of natural selection and evolution [26] . GA cannot guarantee global optimal solution but can reach relatively optimal solution with reasonable time. In this paper, GA is applied to optimize the signal timing plans in the proposed biobjective optimization framework for TSP problems. The biobjective optimization framework is generated by using Genetic Algorithm Toolbox of MATLAB R2014a.
Evaluation

Experiment Design.
In this study, field data collected from Caochangmen Boulevard in Nanjing, China, are used in the numerical experiments for the proposed TSP models. The Caochangmen Boulevard is a major commuting arterial corridor. Figure 5 shows the stop-to-stop segment for TSP optimization. Figure 6 illustrates an original signal phase plan (without TSP strategy) for the intersection of Caochangmen Boulevard and Longyuanxi Avenue. The cycle of this intersection signal phase is 160 seconds. Phase 1 is provided for the EB and WB through movements for vehicles, pedestrians, and bicycles. Phase 2 is the right-turn phase for all approaches. Phases 3 and 5 are, respectively, the left-turn phases for Caochangmen Boulevard and Longyuanxi Avenue. Phase 4 is provided for the NB and SB through movements for all travel modes.
The geometric conditions and traffic volumes for the intersection of Caochangmen Boulevard and Xingjian Street are demonstrated in Figure 7 and Table 2 . The westbound approach has two through lanes, one shared through/rightturn lane, and two exclusive left-turn lanes. The eastbound approach has three through lanes, one exclusive right-turn lane, and one exclusive left-turn lane. The northbound approach has one through lane, one exclusive right-turn lane, and one exclusive left-turn lane. The southbound approach is a one-way street only allowing NB traffic. Figure 7 illustrates the original signal phase plan (without TSP strategy) for the intersection of Caochangmen Boulevard and Xingjian Street. The cycle of this intersection signal phase is 160 seconds. Phase 1 is provided for the EB and WB through movements. Phase 2 is the right-turn phase for all approaches. Phase 3 is the left-turn phase for EB and WB approaches. Phase 4 is provided for the northbound and southbound through and left-turn movements of vehicles, pedestrians, and bicycles. Several preliminary experiments were performed to determine the lane capacity which is 1700 vehicles per lane per hour approximately [27] , and the bus lane capacity is approximately 850 buses per lane per hour [28] .
The average passenger occupancy of general vehicles at these two intersections during rush hour is observed to be at 1.8 persons per vehicle in field observations. Passenger occupancy of these bus routes is estimated based on automated passenger count (APC) data and the empirical calculation of Nanjing Transit Agency. Table 3 lists the average passenger occupancy of all transit routes during the test days at the different approaches of the two intersections. Figure 9 . The passenger occupancy is calculated based on automated passenger count (APC) data and the empirical observations of local Transit Agency. The boarding and alighting passenger count data are collected through the observation at the bus stops. The number of BP is higher than AP at Longjiang bus stop in the morning rush hour for the five bus routes, and the number of BP directly affects the duration of dwell time of buses in the morning rush hour.
Experimental Results and Analysis
Experimental Design.
The numerical experiment is conducted with the following three assumptions:
(1) The capacities for each approach of signalized intersections are fixed and not affected by traffic operations.
(2) Uniform arrivals of bicycles and pedestrians are assumed during each 15 minutes of the morning rush hour.
(3) Uniform arrival rates are also assumed for passengers coming to Longjiang bus stop during each 15 minutes of the morning rush hour.
Several preliminary experiments were performed to determine the best operational parameters for the GA optimizer used in this study. Results from those experiments led to the selection of the following GA parameters:
(i) Population of 300 individuals.
(ii) Mutation rate of 0.1%. The field data collected from Caochangmen Boulevard (in Nanjing, China) are used to build the bus operational scenarios. The proposed biobjective optimization framework is solved by the Genetic Algorithm Toolbox of MATLAB R2014a. The optimization variables are the durations of TSP green times at the two intersections. Table 4 presents the passenger delay at the segment, the delay deviation at the bus stop, and the maximum degree of saturation for the approaches at the two intersections with and without TSP optimization.
The optimized phasing plans of the green extension, red truncation, and phase insertion TSP strategies are generated by using the signal phasing allocation methods. The optimized TSP phasing plans for the three strategies at two intersections of this segment are presented in Figures 10 and 11 . Figure 12 ) is established. Four phasing plans including the non-TSP, TSP with green extension, TSP with red truncation, and TSP with phase insertion are simulated.
Results Simulation Analysis. VISSIM-based simulation platform (
The passenger delay at the intersections and bus stops of this experimental segment is calculated based on simulationbased average vehicle delay, observation-based traffic volume, and observation-based occupancy. Table 5 summarizes the passenger delay at the intersection of Caochangmen Boulevard at Longyuanxi Avenue intersection (ID1), and Caochangmen Boulevard at Xingjian Street (ID2), the Longjiang bus stop (SD), the stop-to-stop segment (TD), and the delay deviation at the bus stop (DD) for the four signal phasing plans. Figure 13 illustrates the passenger delay and the deviation reduction ratio of the three TSP strategies compared with the original non-TSP signal phasing plan at the experimental segment in the morning rush hour.
The results of Figure 13 demonstrate the significant reduction of over 6% in passenger delay and over 8% in schedule deviation at the test segment. The three TSP scenarios can significantly decrease passenger travel time on the targeted major bus routes and improve the schedule reliability of the transit system. The performances of the TSP plans with the green extension and red truncation are similar in reducing passenger delay and schedule deviation. TSP plans with the green extension and red truncation have advantages in decreasing total passenger delay at bus stop-to-stop segment over TSP plans with phase insertion with over 2% more reduction, while the latter performs better in reducing delay deviation at the bus stop with over 5% more reduction than the TSP plans with the green extension and red truncation. Therefore, GE plan and RT plan perform better in segment total delay reduction, while PI plan performs better in delay deviation reduction at bus stop. In addition, the performance of three optimized TSP plans varies in different saturation conditions. Traffic volume of Caochangmen Boulevard (west-east) between the two intersections in morning rush hour is computed at 1841 pcu according to the data in Tables 1 and 2 . The reduction rates at different 15-minute intervals in the morning rush hour are different. The performance of the TSP strategies does not perform as well as those in the first and the last 15-minute periods. Therefore, the three TSP scenarios for reducing delay and improving the reliability of transit system will be weakened under saturated and oversaturated flow condition.
Conclusion
This paper presents a biobjective TSP optimization framework that can provide effective priority control for transit requests, while minimizing the total passenger delay on each stop-to-stop segment (including both adjacent signalized intersections and downstream bus stops) and the schedule deviation at bus stops. The biobjective optimization model is presented to calculate the duration of the allocated transit green time, and the signal phasing allocation method is proposed to generate TSP phasing plans. A numerical experiment is conducted by simulating bus operations with field volume and phasing data collected at one segment of Caochangmen Boulevard, in Nanjing, China. The original non-TSP phasing plan, optimized TSP phasing plan with the green extension, red truncation, and phase insertion strategies are simulated and evaluated using the VISSIM simulation platform. The case study results validate the effectiveness of the proposed framework, and the performance of the three transit signal priority plans is analyzed and evaluated under different traffic demand patterns during the morning rush hour.
Future work includes more extensive numerical experiments or field tests to assess the effectiveness of the proposed model under the interactive effect between intersections and bus stops. Another potential extension is to expand towards urban traffic network for systematic improvement of the efficiency and reliability of transit system while minimizing the negative impact on general vehicles under complex traffic condition.
